The pa per de scribes the re sults of geoelectrical sound ing ap pli ca tion for the de lin ea tion of periglacial struc tures in Wierzchuca Nagórna within the Drohiczyn Pla teau (east ern Po land). The method re cords the vari a tion of ap par ent resis tiv ity of de pos its along a se lected hor i zon tal di rec tion. The sur vey uti lizes a dis tinct geoelectrical con trast be tween gla cial till and struc tures com posed of sand that have been rec og nized ear lier in the gravel pit wall. The stud ies have been con ducted in di rect hin ter land of the gravel pit. Rect an gu lar and con cen tric ar rays were ap plied in the sur vey. The re sults have been pre sented as graphs and re sis tance dis tri bu tion maps. The ob tained geo log i cal im age is not complete, al though it shows an ori ented course of the larg est lin ea ments and traces of a net work with a small mesh size (1.5-2 m). The rec og nized pat tern of struc tures points to harsh cli ma tic con di tions dur ing their for ma tion. Gen eral orien ta tion of the struc tures cor re sponds to the ba sic el e ments of the con tem po rary land scape in the area (slope, val ley axes). Geoelectrical sound ing us ing the rect an gu lar ar ray gave better re sults than in the con cen tric ar ray, whereas intro duc tion of brine into the sys tem did not en hance the res o lu tion of the read ings. The pre sented re sis tance dis tri bu tion maps with a char ac ter is tic rhythm of vari a tions may serve as a bench mark for rec og niz ing periglacial struc tures in areas with out ex po sures.
where: A, B -cur rent elec trodes, M, N -po ten tial elec trodes, r AM ; r BM ; r AM ; r AN ; r BM -dis tances be tween the elec trodes; DV -mea sured po ten tial [mV] ; I -trans mit ted cur rent [mA] . The K co ef fi cient re mains un changed dur ing the sur vey, be cause AB and MN dis tances are con stant. The method is par tic u larly ef fec tive for me dia with highly di verse geoelectrical prop er ties (Fig. 1) . The main as sets of such sur vey are: its non-in va sive char ac ter, low cost, and rel a tively high res olu tion of the mea sure ments. Geoelectrical pro fil ing has been first ap plied to rec og nize the pat tern of pseudo morphs af ter frost wedges for the SW part of the Drohiczyn Pla teau Porze¿yñski, 2004, 2006) . The geo log i cal struc ture of the sub-sur face ho ri zons in the area as sured good con di tions to test the method.
GEOMORPHOLOGICAL AND GEO LOG I CAL CHAR AC TER IS TICS OF THE SW PART OF THE DROHICZYN PLA TEAU
The south-west ern part of the Drohiczyn Pla teau is bounded by the Bug River Val ley (Podlasie Bug Gorge), which in this area rap idly changes di rec tion from WNW to NNW (Fig. 2) . The lev elled sur face of this part of the pla teau lies at 135-150 m a.s.l. The bot tom of the Bug Val ley is located at 105-110 m a.s.l. The ero sional slope of the pla teau is high and steep and is best ob served in the Drohiczyn es carpment. Straight val leys with gen tle slopes, run ning al most perpen dic u larly to the Bug Val ley, are a char ac ter is tic el e ment of the land scape. The dom i nat ing ori en ta tions of the val ley axes are close to W-E and NNW-SSE; this fact has been taken into ac count in the palaeogeographic re con struc tion of the area (Dzier¿ek, 2009) .
The main ho ri zon in the top most part of the geo log i cal suc ces sion in the Drohiczyn Pla teau is gla cial till, one to several me ters thick, oc ca sion ally cov ered with a thin ho ri zon of sands with grav els. The till de rives from the Wartanian Glaci ation (Marks, 2005; Marks and Pavlovskaja, 2004; Nitychoruk, et al. 2008a, b) , at pres ent re ferred to the Wartanian Stadial (Lindner and Marks, 2012) . Be low the till oc cur gravels and sands that are over 4 m thick (Dzier¿ek and Stañczuk, 2006) . The geo log i cal set ting of the Drohiczyn Pla teau is well vis i ble in the walls of the gravel pit at Wierzchuca Nagórna (Fig. 3) . Soil is un der lain by silty sands with concen tra tions of gravel. Be tween 0.3 and 0.5 m lies the top of brown till with a thick ness of up to 1.5 m. The till con tains nu mer ous fis sures and veins filled with sand and gravel, oc ca sion ally with thin ho ri zons of sandy mud. The sand struc tures ter mi nate in the till or in the sand-gravel ho ri zon be neath. Their for ma tion is con nected with the ac tiv ity of Pleis to cene frost pro cesses within the per ma frost (Dzier¿ek and Stañczuk, 2006) . The con trac tion fis sures were pri mar ily filled with ice. Af ter per ma frost deg ra da tion the ice was replaced by sand and gravel, and the struc tures at tained the form of pseudo morphs af ter ice wedges. Some fis sures could be filled with sand al ready in periglacial con di tions, re sult ing in the for ma tion of a pri mary fill ing (Murton et al., 2000; Dzier¿ek and Stañczuk, 2006) .
GEO LOG I CAL RE CORD OF PERIGLACIAL STRUC TURES IN THE WIERZCHUCA NAGÓRNA GRAVEL PIT WALL
The phe nom e non of the Wierzchuca Nagórna site is the pres ence of at least 51 pseudo morphs af ter ice wedges in an over 150 m long gravel pit wall (Fig. 3) . High den sity of the struc tures (ev ery 1.7 m) may re flect harsh cli ma tic con di tions ex ist ing dur ing their for ma tion (Maizels, 1986; Mackay, 1993; Barry and Gan, 2011) . The pseudo morphs are gen erally about 1 m long, al though shorter struc tures, 0.6-0.8 m long, are also pres ent. The width of the up per parts of the pseudo morphs var ies within 0.2-0.5 m, how ever, in some cases it reaches even 1 m. Some struc tures at tain a typ i cal wedge shape, al though nar row veins and wide shafts with ver ti cal walls have also been noted (Washburn, 1973; Jahn, 1977; French, 2007) . The re cord of periglacial frost processes is also ev i denced by: the ver ti cal dis tri bu tion of pebbles in the up per part of the gla cial till, the con vex top of the till be tween the pseudo morphs, a blurred sed i men tary struc -ture of the sur face ho ri zons and the pres ence of peb ble concen tra tions (frost seg re ga tion) close to the pseudomorph top bound aries (Dzier¿ek and Stañczuk 2006) .
Shapes of the pseudo morphs and their dis tri bu tion in the gravel pit wall point to a po lyg o nal net work de vel oped on the pla teau top. Re con struc tion of its char ac ter, in clud ing: shapes of the poly gons, mesh size, net work gen er a tions and priv i leged fis sure ori en ta tions, is of palaeogeographic sig nifi cance. It al lows con clud ing not only on the prop er ties of past cli mate, but also, for ex am ple, on the ex is tence of nat u ral AP PLI CA TION OF GEOELECTRICAL PRO FIL ING 75 Fig. 2 . Lo ca tion of the study area on a geo log i cal map (Nitychoruk, et al. 2008a) . Fig. 3 . Pseudo morphs af ter ice wedges in the gravel pit wall at Wierzchuca Nagórna (mod i fied from Dzier¿ek and Stañczuk, 2006) . morphological or geo log i cal es carp ments. Typ i cally, such es carp ments are re corded by the priv i leged ori en ta tion of the con trac tion fis sures in the soil (the main gen er a tion of the fissures), to which the smaller fis sures are ad justed (Jahn, 1970 (Jahn, , 1977 French, 2007) . Sim i lar cases can be ob served in con tempo rary periglacial ar eas. Anal y sis of the pi o neer ing ap pli cation of geoelectrical sound ing is pre sented be low with the use of ear lier palaeogeographic anal y sis (Dzier¿ek, 2009 ).
RE SULTS OF GEOELECTRICAL STUD IES IN A RECT AN GU LAR AR RAY AND THEIR IN TER PRE TA TION
In the sur vey area de scribed above, the top of the till is in dis tinct geoelectrical con trast with re gard to the in fill ing sedi ments. The re sis tiv ity of till is at 30-80 Wm, whereas that of sand and gravel ex ceeds 150 Wm. This com plex is cov ered by a thin (0.6-0.8 m) layer of silty sands with gravel ad mixture; it has an iden ti cal in flu ence on the mea sure ments and thus may be omit ted in the in ter pre ta tions. Such con di tions the o ret i cally al low for the rec og ni tion of the hor i zon tal occur rence of tills and sands in the pseudo morphs di rectly below the sur face.
At first, a rect an gu lar ar ray, non-sym met ric with in finity, was ap plied (Mieszkowski and Porze¿yñski 2004) . The spac ing of the elec trodes sup ply ing A0 was 1 m, with the second sup ply ing elec trode (B) lo cated at a sig nif i cant dis tance from the sur vey pro file (Fig. 1) . The mea sur ing elec trodes M0 and N0 were spaced at 0.3 m. The spac ing was 1 m for both the lon gi tu di nal and trans verse pro files. Ad van tages of this ar ray in clude the en gage ment of a lower num ber of employ ees (3 per sons) and a short sur vey time. Mea sure ments were con ducted along 7 lon gi tu di nal pro files and 17 transverse pro files (Fig. 4) . The first lon gi tu di nal pro file was localized at sev eral me ters from the gravel pit es carp ment. Fiftyseven shal low geo log i cal drillings were made along the line of the first lon gi tu di nal pro file. Ad di tion ally, sev eral con trolling drillings were made within the rect an gu lar ar ray. This allowed cor re lat ing the geoelectrical in ter pre ta tion with the li thol ogy, and due to the close vi cin ity of the wall -in ter preta tion of the ori en ta tion of struc tures vis i ble in the ex po sure. The cal cu lated re sis tiv ity val ues are pre sented in charts, where hor i zon tal co or di nates re fer to the lo cal iza tion of the mea sure ment points and ver ti cal co or di nates rep re sent the mea sured val ues of ap par ent re sis tiv ity cor re spond ing to the cen tre of sys tem 0. In ter sec tion of points in the co or di nate sys tem forms the lines of the re sis tiv ity pro files (Fig. 5) .
A se ries of con trol ling man ual drillings have been made on the flat sur face in the hin ter land of the gravel pit es carpment. Cor re la tion of the ap par ent re sis tiv ity mea sure ments with the lithological sec tions ob tained from the drillings in dicate: 1) in creased ap par ent re sis tiv ity when sands and grav els were drilled; and 2) de creased ap par ent re sis tiv ity in the case of till. This knowl edge was ap plied in the in ter pre ta tion of the re main ing pro files. Dis tinct pos i tive peaks in the charts (Fig. 5) can be com bined with the pres ence of in creased thick nesses of sands (over 1 m) or thin ho ri zons of grav els (about a dozen cm) in the site. The pres ence of an over 50 cm-thick ho ri zon of sands and a few cm-thick ho ri zon of gravel should also not be ex cluded. How ever, for the assumed goal this fact does not cause sig nif i cant dif fer ences, be cause in both cases it points to the oc cur rence of a sandgravel pseudomorph in the gla cial till. The pres ence of sections with lower ap par ent re sis tiv ity val ues in the sur vey profiles can be in ter preted as the shal lowly ly ing top of gla cial till (i.e. area with out pseudo morphs). How ever, the shape of the charts does not de pend only on the prop er ties of the surveyed me dium. Ap par ent re sis tiv ity val ues mea sured along 76 R. MIESZKOWSKI et al. pro file I are dis tinctly lower in re la tion to the other mea surements (even by 50%). This prob a bly re sults from the dis turbance in the mea sure ment sys tem caused by the nearby gravel pit wall. "Thin ning" of the elec tric cur rent lines takes place in the hin ter land of the gravel pit es carp ment, i.e. measure ment by com pen sa tor gives de creased val ues of DV (which is nu mer a tor in the equa tion pre sented above), and thus lower ap par ent re sis tiv ity val ues. It could also be noted that the ap pli ca tion of a non-sym met ric ar ray, i.e. elec trode B mov ing to in fin ity, has caused the translocation of the sys tem cen tre "0" by sev eral tens of centi metres. Shal low man ual drillings have al lowed to state that this translocation was com monly at 30 cm to wards elec trode A with re gard to the sys tem cen tre "0".
Pre sen ta tion of the sur vey mea sure ments in the charts has al lowed ob serv ing and ex plain ing anom a lies in the first course of mea sure ments. How ever, due to the al leged goal of the sur vey, such pre sen ta tion of ap par ent re sis tiv ity vari a tion in the sub-sur face part of the study area is not suf fi cient. It is dif fi cult to cor re late with the sur face ar range ment of re sis tiv -AP PLI CA TION OF GEOELECTRICAL PRO FIL ING ity vari abil ity. There fore, the re sults are pre sented in a plan within a mea sur ing grid as 2D maps of re sis tiv ity vari a tion (Fig. 6) . Ac cord ing to the ar gu ments pointed out above, the in flu ence of the gravel pit es carp ment has been in cluded by mul ti ply ing the val ues of ap par ent re sis tiv ity in lon gi tu di nal pro file I by co ef fi cient 2, in lon gi tu di nal pro file VII by 1, and sub se quently for all the pro files (from II to VI) by rel e vant co ef fi cients 1 or 2. The red fields in di cate the pres ence of soils with higher ap par ent re sis tiv ity, i.e. sands and gravel. Fields marked yel low and green re fer to clays (till) with lower resistivities. The map shows that some red fields are dis tinctly elon gated, which may be in ter preted as the prob able course of the sand struc tures. The im age is not com plete, but shows the ori en ta tion of the larg est lin ea ments and traces of a net work with small mesh sizes. The pres ence of wide bands of high re sis tiv ity val ues in the up per left on the map of the study area may re sult from the geo log i cal set ting or from er rors in data in ter po la tion in the ter mi nal part of the sur vey pro file. In turn, the sev eral me ters-broad high re sis tiv ity band with ir reg u lar mar gins in the lower left on the map of the study area prob a bly re flects the ori en ta tion of the broad sand in filling. Such in ter pre ta tion is con firmed by ob ser va tions in the south-west ern part of the gravel pit wall, where an over 1-m wide "ditch" filled with sand is vis i ble in the till (see Fig. 3 ).
Re sults of the re sis tiv ity sur vey have also been pre sented in a 3D map (Fig. 6 ). In the case of search for a sys tem of shallow sand in fill ings within the till, this method of pre sent ing the re sults seems the most fa vour able. The vivid pic ture almost in stan ta neously re veals not only the ori en ta tion of the main axes of re sis tiv ity vari a tion (and thus also li thol ogy), but also their depth. At cer tain light di rec tions, places with higher re sis tiv ity gather on the 3D map in lon gi tu di nal struc -78 R. MIESZKOWSKI et al. tures with a dis tinct "crest line". These lines have been cor related with rel e vant peaks on the work ing charts, which al lowed de ter min ing the axes of the sand struc tures. The struc tural axes on the plan have been cor re lated with the struc tures vis i ble in the es carp ment of the gravel pit. As a result, the ori en ta tion of the main axes was de ter mined, although the fis sure sys tem seems in com plete. The main axes of the re con structed ice wedges (NW-SE) are oblique to the struc tural lines and cor re spond to the dom i nat ing slope dip in the area. This may sug gest that dur ing the frost pro cesses, the sur face of this part of the pla teau at tained a cer tain dip (Dzier¿ek and Stañczuk, 2006; Dzier¿ek, 2009) . How ever, com par i son of the ob tained sketch of the struc ture sys tem with ex am ples of frost fis sure sys tems in recent periglacial ar eas, shows that the poly gons were not closed and there was a lack of mi nor fis sures be tween the main fis sures. In or der to ob tain a pre cise im age, the same area was again sub ject to a geoelectrical sur vey, in this case in a pole-pole con cen tric ar ray.
RE SULTS OF GEOELECTRICAL SUR VEY IN A CON CEN TRIC AR RAY AND THEIR IN TER PRE TA TION
The con cen tric ar ray com prised one elec trode sit u ated in the cir cle cen tre, with the sec ond elec trode re po si tioned every 0.5 m along six teen ra di uses, each 8 m long. The at tained den sity of the mea sure ment lines (an gle value and ra dius length) seemed suf fi cient at the ex pected fis sure den sity. In this case, the sur vey was fo cused on check ing and even tu ally in creas ing of the den sity of the ob tained im age within a small area, fol lowed by ex trap o la tion of the ob tained sys tem on the area in the hin ter land of the es carp ment.
The ob tained im age dis tinctly points to the pres ence of nar row zones with high re sis tiv ity (>150 Wm), cor re sponding to sands and gravel, within low resistivities cor re sponding to till (Fig. 7A ). Lines con nect ing the max ima are of var i ous length, and in some places have been in ter po lated between the par tic u lar pro files. De spite that, a NW-SE ori en tation of the most dis tinct elon gated fields can be seen. Outlines of sec tions that are trans verse and oblique to the main lines and in ter sec tions of ori en ta tion vari a tion of re sis tiv ity dis tri bu tion can be rec og nized.
The im age of sand struc tures ob tained from re sis tiv ity mea sure ments in the con cen tric ar ray was su per im posed on the struc tural lines de lin eated in the rect an gu lar ar ray (Fig. 8) . High cor re la tion of the struc ture ori en ta tion has been ob tained. Some sec tions con form with one an other, oth ers rep re sent exten sions of the ear lier ones, and some short sand struc tures have been reg is tered in ei ther of the ar rays.
Ad di tion ally, two se ries of geoelectrical mea sure ments have been con ducted with brine in tro duced into the sys tem. The idea was based on two main as sump tions: 1) the brine will en hance the con trast (and res o lu tion of the read ings) between the re sis tiv ity in sands within the pseudo morphs and their till sur round ings; 2) the so lu tion will dis perse within the sands. Thus, it would be pos si ble to de tect the re sis tiv ity changes along the mi gra tion routes, i.e. ori en ta tion of the sand pseudo morphs. In the cen tre of the con cen tric ar ray, within the sand in fill ing of the pseudomorph, a hole was dug, in which 80 l of 10% brine so lu tion were in tro duced. Re sistiv ity mea sure ments in the con cen tric ar ray with ap pli ca tion Fig. 7 . Maps of ap par ent re sis tiv ity dis tri bu tion in a con cen tric ar ray (A), and 24 h af ter brine ap pli ca tion (B) (mod i fied from Mieszkowski and Porze¿yñski, 2004) . of brine were con ducted one hour af ter the ap pli ca tion and repeated af ter 24 hours.
Maps show ing the re sults of sub se quent re sis tiv ity measure ments in the con cen tric ar ray have shown cer tain variabil ity. The chart with re sis tiv ity mea sured 1 hour af ter brine in tro duc tion shows a wide field of high resitivities close to the cen tre and nu mer ous small dis persed fields, which rather dis tinctly in di cate lin ear vari abil ity of the re sis tiv ity val ues. Clearer and lo cated closer to the cen tre are struc tures in the SW part of the sys tem. The im age for the sit u a tion af ter 24 h of brine ap pli ca tion is more vari able; fields with higher re sistiv ity val ues are larger and in some places con nected to form more dis tinct lin ear struc tures (Fig. 7B) .
Im ages from the three se ries of mea sure ments, de spite some dif fer ences, con form the out lines of the main structures. How ever, the re sults of the sur veys did not ful fil the expec ta tions. Re sis tiv ity changes are not com pletely unambiguous. Brine mi gra tion routes have turned out to be un clear and pe ter out, and the im age af ter brine ap pli ca tion is not signif i cantly dif fer ent from the im age with out brine (see Fig. 7A and B). The tech ni cal rea son for such im age could be the insuf fi cient amount of so lu tion in the sys tem. In tro duc tion of con sid er able amounts of the so lu tion would re sult in a sig nifi cant en vi ron men tal im pact. An other rea son could be the geo log i cal set ting of the study area. The gravel pit wall shows that some fis sures with sand in fill ings reach be low the base of the im per me able till (Fig. 3) . Thus, the brine so lu tion could es cape in wards, di rectly to the gravel ho ri zon un der lying the till. Even if the sys tem was sealed from the bot tom, the an gle and dip ori en ta tion of the en tire sys tem re main unknown, whereas these are the fac tors de ter min ing the favoured mi gra tion routes of the brine.
AS SESS MENT OF THE USE FUL NESS OF GEOELECTRICAL SOUND ING FOR THE RE CON STRUC TION OF SHAL LOW PERIGLACIAL STRUC TURES
The pre sented dis cus sion of the re sults ob tained from geoelectrical mea sure ments in the study area at Wierzchuca Nagórna in the Drohiczyn Pla teau pro vides sev eral con clusions on as sess ing the use ful ness of the method in the rec ogni tion of a frost fis sure net work. In gen eral, geoelectrical pro fil ing does not de liver a de tailed im age of the sur face system of periglacial struc tures. How ever, when its re sults are cor re lated with a well-rec og nized geo log i cal set ting, the mar gin for the in ter pre ta tion of the re sults of geoelectrical sound ing clearly nar rows. The re sults have shown dis tinct and fre quent re sis tiv ity vari a tion in a small area as well as the pres ence of larger zones with higher re sis tiv ity. Al though the re con structed net work is not com plete, it al lowed to conclude on the palaeogeomorphology. In a few cases, nar row high re sis tiv ity zones dis tinctly re cord frag ments of the network mesh (poly gons), pro vid ing in for ma tion on their size and den sity. The net work of pseudo morphs is ir reg u lar and the smaller struc tures con tact at right an gles with the main struc tures.
It seems that geoelectrical pro fil ing us ing a rect an gu lar ar ray gives better re sults; their pre sen ta tion in re sis tiv ity vari a tion maps, par tic u larly in 3D, al lows for a geo log i cal inter pre ta tion. At tempts to en hance the sig nal by in tro duc tion of brine and to ob tain an im age of better res o lu tion have turned out to be in ef fec tive. More over, larger la bour in put and a sig nif i cantly high invasiveness of the method does not per mit its rec om men da tion for such sur veys. The ob tained 80 R. MIESZKOWSKI et al. Fig. 8 . Dis tri bu tion of periglacial struc tures in the hin ter land of the gravel pit es carp ment at Wierzchuca Nagórna rec og nized by geo log ical sound ing (mod i fied from Mieszkowski and Porze¿yñski 2004) maps of re sis tiv ity dis tri bu tion with a char ac ter is tic rhythm of nu mer ous vari a tions may ex em plify the geoelectrical record of periglacial struc tures and can be used to com pare the re sults of such stud ies in ar eas with out ex po sures. It seems that the hin ter land of the es carp ment of the Wierchuca Nagórna ex po sure in the Drohiczyn Pla teau is a per fect benchmark for test ing other geo phys i cal meth ods, e.g. georadar sur veys and elec tri cal re sis tiv ity to mog ra phy.
CON CLU SIONS
Ex pe ri ence gained dur ing geoelectrical sur veys in the Drohiczyn Pla teau near Wierzchuca Nagórna can be as sembled in sev eral con clu sions.
-High-res o lu tion geoelectrical pro fil ing has con firmed the pres ence of nu mer ous periglacial struc tures, ob served in the nearby ex po sure, and en abled a par tial re con struc tion of their sur face pat tern.
-Periglacial struc tures are man i fested in the map of soil re sis tiv ity dis tri bu tion as nar row elon gated fields with high resistivities (sand with gravel) in a low re sis tiv ity background (till).
-Tthe struc tures are NW-SE-ori ented and have a small di am e ter of sin gle fis sure poly gons; these data have been applied in palaeogeographic re con struc tions (Dzier¿ek, 2009 ).
-Mea sure ments in a rect an gu lar ar ray have given better re sults. They are less time-con sum ing, non-in va sive, have cov ered a larger area and the re sults are eas ier to in ter pret.
-Rre sults ob tained for the mar ginal pro files of the rectan gu lar ar ray are un re li able and may be con sid ered only af ter rel e vant cor rec tions.
-Attempt to en hance the con trast of the read ings by intro duc tion of brine in the sys tem has been proved in ef fec tive, al though it sup plied new pos si bil i ties of in ter pret ing the sub-sur face geo log i cal struc ture of the area.
-Cor re la tion of the re sults of geoelectrical sur veys to the geo log i cal suc ces sion has fa cil i tated their in ter pre ta tion. The ob tained re sis tiv ity dis tri bu tion map may serve as compar a tive ma te rial in the iden ti fi ca tion of periglacial struc tures with ap pli ca tion of geoelectrical sound ing in ar eas with out ex po sures.
-Ver i fi ca tion of the ob tained re sults could be achieved by con duct ing other geo phys i cal sur veys in the area.
